Two new isostructural dinuclear complexes, Ln 2 (4-cpa) 6 (bpy) 2 (Ln = Eu (1); Tb (2), 4-cpa = 4-chlorophenylacetate, bpy = 2,2'-bipyridine), have been hydrothermally synthesized and characterized by IR spectroscopy, elemental analysis, thermogravimetric analysis (TGA), powder X-ray diffraction and single-crystal X-ray diffraction. The lanthanide ions are bridged by two bidentate and two terdentate carboxylate groups to give centrosymmetric dimers with Ln···Ln separations of 3.967(2) and 3.956(3) Å, respectively. Each metal atom is nine-coordinate and exhibits a distorted tricapped trigonal prismatic geometry. Three-dimensional fluorescence spectra show that both 1 and 2 emit bright red and green luminescence at room temperature, with long lifetimes of up to 0.369 ms (at 614 nm) and 0.432 ms (at 543 nm), respectively. Moreover, poor luminescence efficiency has been noted for complex 2. The 4-Hcpa ligand and complexes 1-2 have been screened for their phytogrowthinhibitory activities against Brassica napus L. and Echinochloa crusgalli L., and the results are compared with the activity of quizalofop-P-ethyl.
Introduction
Luminescent lanthanide complexes have gained recognition owing to potential applications in biochemistry and materials science. [1] [2] [3] [4] [5] Lanthanide ions, expecially Eu(III) and Tb(III), are excellent luminescent centers and the luminescent properties are influenced by ligands. Although the high and variable coordination numbers and flexible coordination environments of lanthanide ions may create complications in controlling reactions and thereby the final structures of products, the fascinating coordination chemistry and the rich structural properties along with numerous properties of lanthanide complexes have attracted increasing interest in their chemistry. 6, 7 Aromatic carboxylic acid, with versatile binding and coordination modes, are widely employed in construction of luminescent lanthanide coordination polymers, which usually exhibit high thermal stability and intense fluorescence because of a large conjugated π-electron system. 8 We are interested in the coordination chemistry of 4-chlorophenylacetic acid (4-Hcpa), a flexible ligand with versatile binding and coordination modes, which can be an excellent candidate for construction of lanthanide coordination polymers. However, so far, work on the construction of lanthanide complex based on 4-cpa ligand has not been reported. In this article we present our attempts to generate via hydrothermal routes two isostructural lanthanide complexes by making use of 4-chlorophenylacetic acid (4-Hcpa) and 2,2'-bipyridine (bpy), which by themselves show versatile coordination abilities. So far, work on the construction of new metal complexes based on 4-cpa is very scarce. Herein, we report the synthesis, structural characterization, 3D luminescence and biological activities of two new dinuclear lanthanide complexes Ln 2 (4-cpa) 6 (phen) 2 (Ln = Eu (1); Tb (2) . Single-crystal X-ray diffraction studies revealed that 1 and 2 are indeed isostructural. So only the structure of 2 is described in detail here.
Experimental
General Materials and Method. All chemicals were commercially available and used as received without further purification. Elemental analyses for C, H, and N were carried out by using a Vario EL III Elemental Analyzer. Infrared spectra were recorded (4000-400 cm ) as KBr disks on a Shimadzu IR-440 spectrometer. Thermogravimetric analyses (TGA) were performed on an automatic simultaneous thermal analyzer (DTG-60, Shimadzu) under a flow of N 2 at a heating rate of 10 °C/min between ambient temperature and 800°C
. Luminescence spectra and lifetimes for crystalline samples were recorded at room temperature on an Edinburgh FLS920 phosphorimeter. The overall absolute quantum yields (Φ overall ) of complex 2 were measured using an integrating sphere in a Combined Fluorescence Lifetime and Steady State Spectrometer (FLSP920). The PL quantum yields of thin films (Φ overall ) were determined using a calibrated integrating sphere system. A Xe-arc lamp was used to excite the thin film samples that were placed in the sphere. The samples were prepared by drop casting the material placed between two quartz coverslips. The quantum yields were determined by comparing the spectral intensities of the lamp and the sample emission as reported in the literature.
9 Using this experimental setup and the integrating sphere system, the solid state fluorescence quantum yield of a thin film of the standard green OLED material tris-8-hydroxyquinolinolato aluminum (Alq 3 ) was determined to be 0.18, which is consistent with previously reported values. 10 The sample was measured several times under slightly different experimental conditions. The estimated error for the quantum yields is ± 10%.
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Biological Activity Test. The herbicidal activities of the ligand 4-Hcpa and complexes 1-2 were determined using Brassica napus L. and Digitaria sanguinalis L. as samples of dicotyledonous and monocotyledonous plants, respectively.
12,13 Solutions of the tested compounds were prepared by dissolving them in Dimethyl sulfoxide (100 μL) with the addition of Tween 20 (2 μL), and then diluting with distilled water. The germinated seeds were placed on two filter papers in a 9-cm Petri plate, to which 5 mL of tested solution was added in advance. Usually, 15 seeds were used on each plate. The plates were placed in a dark room and allowed to germinate for 72 h at 25 o C. The lengths of 10 seed roots selected from each plate were measured and the means were calculated. Moreover, quizalofop-p-ethyl, a commercial aryloxy-phenoxy propionate herbicide and the emulsion which does not contain tested compounds were used as control and blank respectively. For all of the bioassay tests, each treatment was repeated three times. Then inhibitory rate was calculated relative to the blank. The bioassay results are shown in Table 5 .
Preparation of Compounds. Eu 2 (4-cpa) 6 (bpy) 2 (1): Eu(NO 3 ) 3 ·6H 2 O (0.223 g, 0.5 mmol), 4-Hcpa (0.085 g, 0.5 mmol), bpy (0.078 g, 0.5 mmol) and distilled water (12 mL) were heated to 160 o C for 72 h in a 23 mL stainless steel reactor with a Teflon liner, followed by slow cooling to room temperature. The resulting reaction producted red block crystals that were washed with alcohol to give pure samples (Yield: 61% based on 4-cpa X-Ray Crystallography. X-ray diffraction for complexes 1 and 2 were performed on a Bruker Smart Apex II CCD Table 2 . Selected bond length and angles of 1-2 Symmetry code: i = −x, −y, 2−z; iv = 1−z, 1−y, 1−z.
diffractometer operating at 50 kV and 30 mA using MoKα radiation (λ = 0.71073 Å) at room temperature. Data collection and reduction were performed using the APEX II software.
14 Multi-scan absorption corrections were applied for all the data sets within the APEX II program.
14 Small residual absorption effects were treated with XABS2.
15 Both structures were solved by direct methods and refined by least-squares against F 2 using the SHELXTL program package. 16 All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms attached to carbon were placed in geometrically idealized positions and refined using a riding model. Crystallographic data for 1 and 2 are listed in Table 1 . Selected bond lengths and angles for the compounds are given in Table 2 . H-bonding parameters for 2 are given in Table 3 .
Results and Discussion
Structure Description. Structural analysis reveals that 1 and 2 are indeed isostructural, through the space group are different. A thermal ellipsoid plot of 2 is shown in Figure  1 (a). The structure consists of a centrosymmetric dimers Tb(III) ions bridged by two bidentate and two terdentate carboxylate groups. The Tb(III) is nine-coordinated by seven O-donors of five different 4-cpa ligands, and two N-donors of one bpy ligand. The metal centers can be described as having distorted tricapped trigonal prismatic (TTP) geometries (Figure 1(b) ). Atoms O1, O3, O4 17,18 The 4-cpa ligands display three types of coordination. The first one acts as a conventional bidentate bridging ligand, bonding to Tb1 through O3 and Tb1 i through O4 (Scheme 1(a) ). The second one is chelated to Tb1 through O5, and O6, with O5 also linked to Tb1 i (Scheme 1(b) ). The third one is just chelated to Tb1 through O1 and O2 (Scheme 1(c) ). The structure has three distinct Tb-O distances involving 4-cpa ligands depending on three coordination modes; average bond lengths of Tb-O bridging , Tb-O terdentate and Tb-O chelating are 2.358, 2.417 and 2.445 Å, respectively. This indicates that the order of ring strain is chelating > terdentate > bridging. The separation of Tb···Tb (3.956 Å) in the dimer just exceeds the sum of the two ionic radii. The short separation may be attributed to the simultaneous appearance of four-membered and eight-membered rings between the two terbium atoms. The average Tb-N bond distance is 2.573 Å. Structures, including the complex 1-2 suggest strongly that N-bidentate heterocyclic amines as ligands have stronger coordination ability for lanthanide ions than N-unidentate ligands which are hard, and much less common. The centrosymmetric dinuclear molecules are connected into a 1D infinite chain through intermolecular C4- H4···O6 hydrogen bonding interactions, C4-H4···π(Cg3) and π···π stacking interactions between pyridine rings (Cg1 and Cg2) of bpy ligands, with the centroid-to-centroid distance of 3.872(1) Å (Figure 2(a) ). Adjacent chains are further connected into a 2D layered network through C12-H12···O1 hydrogen bonds and C24-H24···π(Cg4) stacking interactions ( Figure 2(b) ). These layers are finally linked via C25-H25···Cl2 hydrogen bonds into a three-dimensional supramolecular structure (Figure 2(c) ). The H-to-centroid distances of H4···Cg3 ii and H24···Cg4 iii are 2.98(3) Å and 2.67(5) Å, respectively [Cg1, Cg2, Cg3 and Cg4 are the centroid of the N1/C1-C5 ring, N2/C6-C10 ring, C27-C32 ring and C11-C16 ring, respectively] (symmetry codes: ii = −x, −y, −z; iii = x, 1−y, 0.5+z). Moreover, intramolecular C-H···O hydrogen bonds are also observed (Table 3) .
Powder X-Ray Diffraction Analysis. In order to check thepurity of complexes 1 and 2, bulk samples were measured by X-ray powder diffraction at roomtemperature. As shownin Figure 3 , the peak positions of the experimental patterns are in a good agreement with the simulated patterns, which clearly indicates the good purity of the complexes.
Infrared Spectra. The IR spectra of 1 and 2 were recorded as KBr pellets ( Figure S1 ). In the IR spectrum, broad bands at 3439 cm −1 in 1 and 3434 cm −1 in 2 may be assigned to the ν(O-H) stretching vibrations of the water molecules (impurity). The features at 1602 and 1560, 1492 cm −1 for 1, 1606 and 1556, 1491 cm −1 for 2 are associated with the asymmetric (C-O-C) and symmetric (C-O-C) stretching vibrations. The respective values of (ν asym (COO − )-ν sym (COO − )) suggest that the carboxylate groups adopt two coordination modes, which is in agreement with the observed X-ray structure.
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TG Analyses. The thermogravimetric analyses (TGA) of complexes 1-2 were performed in a N 2 atmosphere wherein the sample was heated to 800 o C at a constant rate 10 °C/ min. Two complexes decomposed through intermediates to give the terbium oxide (Eu 2 O 3 ) and thulium oxide (Tb 2 O 3 ) as end products, respectively. As shown in Figure 4 , complex 2 has thermal stability as no strictly clean weight loss step occurs below 260 o C. The weightloss step occurred above 260 o C which corresponds to the decomposition of framework structure. Finally, 2 was completely degraded into Tb 2 O 3 with total loss of 78.34 wt % (calcd. 77.80 wt %). The TGA curve of 1 showed that it has a similar thermal stability as 2 (not shown here), further indicating their isostructural architectures. Luminescent properties. The metal-organic hybrid coordination polymers with lanthanide metal centers have been widely investigated for their fluorescence properties. Lanthanide-centered emission can be sensitized by coordinating to the organic ligands with π-systems, which can efficiently absorb and transfer the energy. The 3D fluorescence of 1 and 2 were investigated in solid-state at room temperature under the excitation and the emission wavelengths of 250-450 nm and 450-750 nm, with the same interval of 5 nm, respectively. As shown in Figure 5 (a), emission peaks of 1 at 593, 614, 650 and 691 nm can be obtained under the excitation wavelength between 380-400 nm, which corresponding to
F n (n = 1 → 4) transitions of the Eu(III) ion, respectively, indicating a moderately efficient ligand-to-metal (europium) energy transfer (LMCT). 20 The emission band at 614 nm (
is the strongest emission, and the intensity increases as the site symmetry of Eu(III) decreases. The emission peak 5 D 0 → 7 F 1 at 593 nm is a magnetic dipole transition and its intensity should vary with the crystal field strength acting on Eu(III). The intensity ratio II(
, which is equal to ca. 1.6 indicates that Eu(III) ions have a low-symmetry coordination environment, 21 consistent with the single-crystal X-ray analysis. As shown in Figure 5 F n (n = 63). 22 The most intense emission at 543 nm corresponds to In order to gain a better understanding of the luminescence efficiency of complex 2, it was appropriate to calculate the overall quantum yields. The overall absolute quantum yield (Φ overall ) for a lanthanide complex treats the system as a "black box" in which the internal process is not considered explicitly. Given that the complex absorbs a photon (i.e., the antenna is excited), the overall quantum yield can be defined as follows:
Here, Φ sen represents the efficiency of the energy transfer from the ligand to the Tb 3+ ion and Φ Tb represents the intrinsic quantum yield of the Tb 3+ ion, which can be calculated from the following equation:
The intrinsic quantum yield for Tb 3+ (Φ Tb ) was estimated by means of Eq. (3) with the assumption that the decay process at 77 K in a deuterated solvent is purely radiative.
The overall absolute yield (Φ overall ), intrinsic quantum yield (Φ Tb ), and energy transfer efficiency (Φ sen ) for complex 2 are presented in Table 4 . In the solid state, the overall quantum yield for 2 was determined according to the absolute method of Wrighton et al. 25 The poor luminescence efficiency (Φ overall < 0.1) of 2 may be due to the weak sensitization efficiency (Φ sen = 0.041%) of 4-chlorophenylacetic acid with respect to the Tb 3+ . Biological Activity. Auxins, such as indole-3-acetic acid (IAA), 1-naphthalene acetic acid (1-NAA), 2-methyl-4-chlorophenoxyacetic acid (MCPA) and 2,4-dichlorophenoxyacetic acid (2,4-D), which are used not only as growth regulators for yield improvement in horticulture and agriculture 26 and as media components in tissue culture and plant micropropagation, 27 but also as herbicides for weed control. 28, 29 With their world wide market introduction after Word War II, the growth regulator or auxin herbicides stared a new era of weed control in modern agriculture. 30 4-chlorophenylacetate and their lanthanide complexes were chosen as auxin herbicides according to the following considerations: (1) 4-Hcpa belongs to aromatic acetic acid, which maybe exhibit good herbicidal activities; (2) it has been found that the biological activities of ligand maybe activated by metallic ions. 31 Herein, the herbicidal activities of ligand 4-Hcpa and complexes 1-2 were investigated and shown in Table 5 . In all tested compounds, the rates of inhibition of Brassica napus L. root growth are 30.2%-35.1%, 24.2%-30.4% and 11.2%-16.1% at concentrations of 100 ppm, 50 ppm and 10 ppm, respectively, which means that the 4-Hcpa and complexes 1-2 display low herbicidal activities against this plant. However, the rates of inhibition of Echinochloa crusgalli L. Root growth are high (91.7%-95.4%) at a concentration of 100 ppm, 84.6%-91.4% at 50 ppm, and 40.6%-45.3% at 10 ppm. The results reveal that three samples exhibit excellent herbicidal activities against this kind of weed at 100 ppm and 50 ppm, but their activities are not satisfactory at a lower concentration (10 ppm). Moreover, we found that the complexes shows superior effective than ligand 4-Hcpa. It is possible that the ligand 4-Hcpa may be activated by the Ln 3+ ion.
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Conclusion
We have successfully synthesized and structurally characterized two new isostructural dinuclear lanthanide complexes based on 4-cpa and bpy ligands. Complexes 1 and 2 emit bright red and green fluorescence under excitation of 380-400 nm and 250-330 nm, respectively. Moreover, 1 and 2 possess long fluorescence lifetimes (τ = 0.369 ms for 1 at 614 nm; 0.432 ms for 2 at 543 nm) and are good candidates as light-emitting luminescent materials. The poor sensitization observed for the complex 2 is mainly may be due to the weak sensitization efficiency (Φsen = 0.041%) of 4-chlorophenylacetic acid with respect to the Tb
3+
. Preliminary bioassay indicates that ligand 4-Hcpa and complexes 1-2 exhibit high herbicidal activities against monocotyledonous plant such as Echinochloa crusgalli L. at concentrations of 100 ppm and 50 ppm of Zhaoqing City (2012G013) and Zhaoqing University Undergraduates Innovating Experimentation Project. And the publication cost of this paper was supported by the 
